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LED DRIVEN PLASMONIC HEATING
APPARATUS FOR NUCLEIC ACIDS
AMPLIFICATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a 35 U.S.C. § 111(a) continua-
tion of PCT international application number PCT/US2016/

013732 filed on Jan. 135, 2016, incorporated herein by
reference 1n 1ts entirety, which claims priornity to, and the
benefit of, U.S. provisional patent application Ser. No.
62/104,574 filed on Jan. 16, 2013, incorporated herein by
reference 1n its entirety. Priorty 1s claimed to each of the
foregoing applications.

[0002] The above-reterenced PCT international applica-

tion was published as PCT International Publication No.
WO 2016/115542 on Jul. 21, 2016, which publication 1is
incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0003] Not Applicable

INCORPORATION-BY-REFERENCE OF
COMPUTER PROGRAM APPENDIX

Not Applicable

10004]

NOTICE OF MATERIAL SUBIJECT TO
COPYRIGHT PROTECTION

[0005] A portion of the material 1n this patent document 1s
subject to copyright protection under the copyright laws of
the United States and of other countries. The owner of the
copyright rights has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as 1t appears in the United States Patent and Trademark
Oflice publicly available file or records, but otherwise
reserves all copyright rights whatsoever. The copyright
owner does not hereby waive any of 1ts rights to have this
patent document maintained in secrecy, mcluding without
limitation 1ts rights pursuant to 37 C.F.R. § 1.14.

BACKGROUND

1. Technical Field

[0006] This description pertains generally to systems and
methods for polymerase chain reaction (PCR) diagnostics,
and more particularly to plasmonic heating systems and

methods for fast/ultratast PCR.

2. Background Discussion

[0007] Adfter 1ts mitial introduction 1n 1983, polymerase
chain reaction (PCR) has become an essential technique 1n
the field of clinical laboratories, agricultural science, envi-
ronmental science, and forensic science. PCR uses thermal
cycling, or repeated temperature changes between 2 or 3
discrete temperatures to amplity specific nucleic acid target
sequences. To achieve such thermal cycling, conventional
bench-top thermal cyclers generally use the metal heating
block powered by Peltier elements. While commercial PCR
systems are improving heating and cooling rates to reduce
amplification time, they are still relatively time-consuming
(typically requiring an hour or more per amplification). This
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can be attributed to the larger thermal capacitance of a
system that requires uniform heating 96- or 384-well plastic
PCR plates and reaction volumes of several tens of micro-
liters per well.

[0008] Since {fast/ultratast PCR 1s highly desirable for
applications such as timely diagnosis of infectious diseases,
cardiac diseases, cancer, neurological disorder diseases, and
rapid biowarfare and pathogen identification at the point-
of-care (POC) level, many academic and industrial groups
have been improving PCR systems. However, existing sys-
tems are not suitable for POC testing due to high power
consumption, heavy weight require a complicated fabrica-
tion process, prone to human error, require expensive lasers
and detection systems, or have reliability 1ssues.

[0009] Accordingly, an object of the present description 1s
a Tast/ultratast PCR system that 1s portable, robust, simple,
casy to use and characterized by low power consumption
through miniaturization and integration.

BRIEF SUMMARY

[0010] The present description 1s directed to systems and
methods for nucleic acid amplification and quantification via
polymerase chain reaction (PCR) for clinical laboratories,
precision medicine, personalized medicine, agricultural sci-
ence, forensic science, and environmental science. Ultrafast
multiplex PCR, characterized by low power consumption,
compact size and simple operation, i1s ideal for timely
diagnosis at the point-of-care (POC).

[0011] One aspect 1s an ultratast photonic PCR method
using plasmonic photothermal light-to-heat conversion via
photon-electron-phonon coupling. An eflicient photonic heat
converter 1s disclosed, using a thin gold (Au) film for 1ts
plasmon-assisted high optical absorption (~63% at 450 nm,
peak wavelength of heat source LEDs). The plasmon-ex-
cited Au film 1s capable of rapidly heating the surrounding
solution to over 150° C. within 3 min. Using this method,
ultrafast thermal cycling (e.g. 30 cycles; heating and cooling
rate of 12.79+0.93° C. sec™" and 6.6+0.29° C. sec™ ", respec-
tively) from 55° C. (temperature of annealing) to 95° C.
(temperature of denaturation) 1s accomplished within 3
minutes. Using photonic PCR thermal cycles, we demon-
strate here successiul nucleic acid (A-DNA) amplification.
Our simple, robust and low cost-approach to ultratast PCR
using an eflicient photonic-based heating procedure could be
generally integrated 1nto a variety of devices or procedures,
including on-chip thermal lysis and heating for 1sothermal
amplifications.

[0012] Thin Au films with nanometer sized grain prepared
by electron beam evaporation are characterized to enhance
light absorption through surface plasmon resonance, leading
to fast plasmonic heating of thin Au film. Low cost (<$5)
LED can eflectively increase temperature of liquid up to
140° C. by focusing light with low cost lens (<$1). The
maximum ramp rate 1s up to 7° C./sec and temperature
stability at 50° C. and 90° C. are £0.5° C. and £0.7° C.,
respectively. Nucleic acids amplifications through fast ther-
mal cycling (from 50° C. to 90° C., 40 cycles for 19 min) for
PCR are successiully demonstrated using a LED driven
plasmonic heating of thin Au films. With this invention, we
can obtain simple, portable PCR thermal cycler with
extremely low cost and power consumption for point-of-care
diagnostics.

[0013] The technology could be easily used for fast ther-
mal cycler for nucleic acids detection using PCR and/or
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isothermal amplification including LAMP and RPA. Fast
thermal cycler for PCR nucleic acids detection would be the
best ways to utilize the disclosed mnvention.

[0014] In general, the mmvention will be used for fast
thermal cycling for nucleic acids amplifications using poly-
merase chain reaction (PCR), loop-mediated isothermal
amplification (LAMP), and recombinase polymerase ampli-
fication (RPA) in point-of-care testing for human, animal
healthcare or environmental.

[0015] The most distinctive advantage i1s to obtain low
cost (LEDs <§3, focus lens <$1) and low power consump-
tion (LEDs <3 W) thermal cycler with simple plasmonic
heater fabrication (complicated patterning process or expen-
sive gold nanoparticles are not required). Furthermore, 1ts
simplicity and easy system level integration for point-oi-
care nucleic acids testing are other advantages.

[0016] Further aspects of the technology will be brought
out 1n the following portions of the specification, wherein
the detailed description 1s for the purpose of fully disclosing,
preferred embodiments of the technology without placing
limitations thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0017] The technology described herein will be more fully

understood by reference to the following drawings which are
tor 1llustrative purposes only:

[0018] FIG. 1 shows a schematic diagram illustrating the
principle of ultrafast photonic PCR in accordance with the
technology of the present description.

[0019] FIG. 2A and FIG. 2B show a schematic diagram of
a system for ultrafast photonic PCR using thin gold (Au)
film as a light-to-heat converter and excitation light from the
light-emitting diodes

[0020] FIG. 3 shows a schematic diagram of a LED-driven
ultrafast photonic PCR system.

[0021] FIG. 4A through FIG. 4F show simulation for heat

generation of thin Au films of the present description with
clectromagnetic radiation. FIG. 4A and FIG. 4B show

images for electromagnetic field on 10 nm and 120 nm thick
Au films on PMMA substrate, respectively. FIG. 4C and

FIG. 4D show 1images for resistive heat distributions on 10
nm and 120 nm thick Au films on PMMA substrate, respec-
tively. FIG. 4E shows a plot of calculated absorption spectra
of the thin Au films with different thlckness FIG. 4F shows
a plot of light-to-heat conversion efliciency of the thin Au
films averaged over emission wavelength from 3 different
colored LEDs as a function of Au films thickness.

[0022] FIG. 5A through FIG. 5F show plots of LED driven
photothermal heating of thin Au film and PCR thermal
cycling.

[0023] FIG. 6A 1s a plot of representative temperature

profiles of 30 ultrafast photonic PCR thermal cycles from
95° C. (denaturation) to 55° C. (annealing and extension).

[0024] FIG. 6B shows a plot of heating and cooling rates
obtained from the ultrafast photonic thermal cycling.

[0025] FIG. 6C 1s an image showing formation of product
from the photonic PCR thermal cycler in comparison with
bench-top thermal cycler using A DNA template.

[0026] FIG. 71s a cross-section of representative geometry
used for the stmulation of electromagnetic field and resistive
heat distribution 1n thin films.
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[0027] FIG. 8 1s a plot of normalized light emission
spectra measured from 3 different LEDs with peak wave-
lengths of 450 nm (Blue I), 480 nm (Blue II) and 530 nm
(Green), respectively.

[0028] FIG. 9A and FIG. 9B are plots of transmittance and
reflectance spectra, respectively, of the thin Au films on
PMMA substrate with different thicknesses.

[0029] FIG. 10 1s a plot comparison of 31 ultrafast thermal
cycles from 62° C. to 94° C. with and without cooling fan.
[0030] FIG. 11 1s a schematic diagram of an experimental
set up for LED drniven plasmonic heating of thin Au films.
[0031] FIG. 12 1s a plot showing fast thermal cycling using
LED drniven plasmonic heating of thin Au films.

[0032] FIG. 13A1s a plot showing temperature changes of
liquad (glycerol, 5 ul.) with different thin Au films thickness.
Injection current of LEDs was fixed at 700 mA.

[0033] FIG. 13B shows a plot temperature for varying the
film 20 thickness.

[0034] FIG. 13C 1s a plot showing absorbance changes of
thin Au films as a function of wavelength. The inset shows
the representative SEM 1mages of thin Au films containing,
nanometer sized grain.

[0035] FIG. 13D and FIG. 13E show 1mages of the Au film
20 at 56 nm and 96 nm, respectively.

[0036] FIG.14A1sa plot of temperature changes of liquid
(glycerol, 5 ul) with different imjection current of LED:s.
[0037] FIG. 14B 1s a plot illustrating changes of maximum
temperature (left axis) and ramp rate (right axis) as a

function of injection current.
[0038] FIG. 15 15 a plot of temperature stability of LED

driven plasmonic heating of thin Au films at 50° C. and 90°
C.

[0039] FIG. 16 1s a plot of the temperature profiles of
thermal cycling measured by IR camera during PCR reac-
tion.

[0040] FIG. 17 1s a photograph of gel agarose gel dem-
onstrating the formation of product from a plasmonic and

bench top thermal cycler.

DETAILED DESCRIPTION

[0041] Referring to FIG. 1 through FIG. 3, a novel ultra-
fast photonic PCR system and method are shown, combin-
ing the use of thin Au film as a light-to-heat converter and
a light source such as light-emitting diodes (LEDs) as a heat
source.

[0042] FIG. 1 shows a schematic diagram of the plas-
monic photothermal light-to-heat conversion and subse-
quent heating of surrounding medium through the ultrafast
photon-electron-phonon couplings 1n accordance with the
technology of the present description. Light (photon) 10 1s
directed toward the Au molecule 12 to generate photon
coupling 14 and resultant heat generation of the medium 16
(PCR muxture).

[0043] In considering photon interaction with materials,
the absorption of photons 1s often treated as heat. When the
photons 10 from the excitation source reaches the surface of
thin Au molecule 12, plasmon-assisted strong light absorp-
tion can occur. This 1n turn excites electrons near the surface
to higher energy states, generating hot electrons within 100
fs. These hot electrons can reach a temperature of several
thousand degrees Kelvin due to their small electronic heat
capacity. They are also capable of rapidly diffusing through-
out the thin Au film, creating a uniform distribution of hot
clectrons. Rapid heating 1s followed by cooling to equilib-
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rium by energy exchange between the hot electrons and the
lattice phonons after 5~10 ps. Thus, overall, when the Au 1s
illuminated, a large temperature difference between the hot
metal surface and the cooler surrounding solution 16 occurs,
resulting in the heating 14 of the surrounding solution 16 in
a long time scale over 100 ps.

[0044] FIG. 2A and FIG. 2B (exploded view) show a
schematic diagram of a system 30 for ultrafast photonic PCR
using thin plasmonic (e.g. gold (Au)) film 20 as a light-to-
heat converter and excitation light 10 from a light source 22
(e.g., LEDs). In one embodiment, the thin films 20 are
tabricated with nanometer sized grain prepared by electron
beam evaporation, and are configured to enhance light
absorption through surface plasmon resonance, leading to
fast plasmonic heating of thin Au film.

[0045] While the plasmonic thin film 20 1s detailed
throughout the description as being Au, 1t 1s appreciated that
such selection of materials 1s for exemplary purposes only,
and any number of plasmonic materials may be selected for
plasmonic heating of the sample solution 16. For example,
the plasmonic thin film 20 may comprise gold (Au), silver
(Ag), palladium (Pd), platinum (Pt), nickel (N1), titanium
(T1), chromium (Cr), germanium (Ge), tungsten (W),
iridium (Ir), etc., or any combination or alloy thereof. The
plasmonic thin film can be multi-layer metallic structure
composed of the gold (Au), silver (Ag), palladium (Pd),
platinum (Pt), nickel (Ni1), titanium (T11), chromium (Cr),
germanium (Ge), tungsten (W), indium (Ir), etc., or any
combination or alloy thereof. Furthermore, the plasmonic
thin film can be graphene, graphene oxide, graphite, or
carbon nanotubes (CNTs), or plasmonic thin film can be
graphene, graphene oxide, graphite, or carbon nanotubes
(CN'Ts), or a hybrid or materials composed thereof.

[0046] Furthermore, while the light source 22 1s detailed
throughout the description as being one or more LED’s, 1t 1s
appreciated that such selection 1s made for exemplary pur-
poses only, and any number of different light sources may be
selected for 1llumination of the plasmonic thin film 20. For
example, the light source 22 may comprise LEDs, diode
lasers, a diode laser array, a quantum well (vertical)-cavity
laser, or combination or array thereof. Additionally, the
emission wavelength of light source may be an ultraviolet
(UV), visible, or infrared (IR), eftc.

[0047] As seen 1n the exploded detail of FIG. 2B, the PCR
mixture 16 1s subjected to a three-state thermal cycling,
comprising of 2 or 3 discrete temperatures for denaturation
(phase 1), and annealing and extension (phase 2), with
resulting 1n the nucleic acid amplification phase (phase 3)
through the polymerase chain reaction (PCR). As further
illustrated 1n FIG. 2, an array of LED’s 22 may be disposed
on substrate 28 for illuminating arrays of PCR wells 24 that
are disposed 1n transparent or translucent platform 26. For a
multiple PCR reaction as depicted in FIG. 2, each LED 22
may be modulated separately to have unique annealing
temperatures for each primer design.

[0048] The thin Au film 20 deposited within wells 24 1s

used as a light-to-heat converter, serving as a source of
plasmonic (1.e. plasmon-excitable) photothermal heating for
the PCR thermal cycling as shown in FIG. 2.

[0049] Besides driving multiple PCR reactions with single
LEDs, multiple well plates integrated with LED arrays may
be used for multiplexed PCR by modulating each LED 22 to
have unique annealing temperatures for the various primer
designs. Such multiple well LED array PCR thermal cycler
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configuration 1s ideal for multiplexed ultratast PCR at POC
diagnostics, because 1t could perform multiple tests at once.

[0050] FIG. 3 shows a schematic diagram of a LED-driven
ultrafast photonic PCR system 40. Continuous-wave light
from blue LEDs 22 is focused on a plasmonic Au thin-film
20 (deposited on bottom of PCR wells 24) through the focus
lens 32. Lens 32 may include a configured to produce an
evenly distributed light exposure of the plasmonic thin film
20 to light from the light source the peak wavelength of the
LEDs was 450 nm. (Blue LED I). The Au-coated PCR wells
24 were formed 1n a polymeric (e.g. poly (methyl methacry-
late) (PMMA) platiform 26.

[0051] Platform 26 preferably comprises a transparent or
translucent composition to allow light to pass through to the
thin film 20. While the platform 26 1s detailed throughout the
description as generally comprising PMMA, 1t 1s appreci-
ated that such selection of materials 1s for exemplary pur-
poses only, and any number of polymeric or translucent/
transparent materials may be selected for use as the
platform. The support platform 26 may also comprise 2D or
3D microstructures or nanostructures that may comprise one
or more of a pillar array, 1D or 2D grating, photonic crystal,
hemi-sphere, or other patterned or random structures. In one
embodiment, the platform comprises nanoplasmonic struc-
tures or nanoplasmonic feedback laser cavity on the surface
of the wells the are configured to be illuminated at a
resonance wavelength of nanoplasmonic structures and
duration that causes plasmonic photothermal heating of the
nanoplasmonic structures

[0052] A temperature sensor 34 1s coupled or directed at
the platform 26 for measuring the temperature of the sample
16 and/or thin film 20. Such temperature sensor 34 may
comprise a number of possible sensor types, such as ther-

mocouple or camera (e.g. IR camera) directed at the plat-
form 26.

[0053] It 1s also appreciated that PCR system 40 may be
integrated or compatible with a diagnostic device, such as
digital camera, photodiode, spectrophotometer or the like
imaging device (not shown, but may be in place of or
integrated with of IR camera 52 shown 1n FIG. 11) for the
real-time detection of nucleic acids and/or the fluorescence
signal of the sample solution 16. In some configurations the
camera may be smart phone camera, wheremn the smart
phone comprises application software for analysis of the
sample solution 16.

[0054] In a preferred embodiment, the sensor and LED’s
22 may be coupled to a computing unit 42 for acquisition of
sensor data and control of the LED’s 22. Computing unit 42
generally comprises a processor 44, and memory 46 for
storing application software 48 executable on the processor
44 for driving the LED 22 (e.g. controlling LED timing,
intensity/injection current, etc.), acquiring data from sensor
34 and/or processing data from a diagnostic device such as
a digital camera real-time detection of nucleic acids and/or
the fluorescence signal of the sample solution 16. Comput-
ing unit 42 may comprise a separate computer or device, or
may be integrated into a microcontroller module with the
remainder of the components. Acquired data and/or a user
interface may be output on a display (not shown) integrated
with or coupled to the computing unit 42.

[0055] In one embodiment, strong light absorption of the
thin Au film 22 (e.g. 65%, 120 nm thick) generates heat due
to the plasmonic photothermal light-to-heat conversion by
photon-electron-phonon coupling at the thin Au film 20,
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followed by heating of surrounding solution 16 with a
maximum temperature ol over 150° C. within 3 min. Ultra-
fast 30 thermal cycles (heating rate of 12.79+0.93° C. sec™"
and cooling rate of 6.6+0.29° C. sec™") from 55° C. (point
of annealing) to 95° C. (point of denaturation) are accom-
plished within 5 min for successtul amplification of A-DNA.

[0056] The PCR systems shown 1n FIG. 1 through FIG. 3
are 1deal for POC diagnostics, due to ultrafast thermal
cycling capability, multiplexed PCR, low power consump-
tion for the PCR thermal cycling (in current set-up, up to
~3.5 W), low cost and simple configuration for system level
integration. Furthermore, the photonic-based heating proce-
dure of the present description may be generally integrated
into a variety of devices or procedures, including on-chip
thermal lysis and heating for 1sothermal amplifications.

Example 1

[0057] a. Fabrication

[0058] Several 4 mm-thick poly(methyl methacrylate)
(PMMA) sheets 26 were cut with a VersaLASER VL-200
laser cutting system (Universal Laser System, Inc.) to make
reaction wells 24 with a 4 mm diameter. A 1.5 mm-thick
bottom PMMA sheet were attached to the top sheet con-
taining reaction wells were bonded together using the ther-
mal bonding. Thermal bonding was performed at 84° C.
with pressure of 1.0 metric ton aifter UV/Ozone treatment of
PMMA sheet for 10 min. The thin Au films 20 of different
thicknesses were deposited by electron beam evaporation
under base pressure of 2x10~7 Torr. The thin Au film 20 was
then passivated with thin poly(dimethylsiloxane) (PDMS)
by dropping 3 ul. of PDMS nto the well and curing in the
oven for 2 hrs to prevent PCR reaction inhibition by the thin
Au film and thermocouple.

[0059] b. Simulation

[0060] COMSOL Multiphysics software (Ver. 4.3) was

used for performing simulations. The detailed geometry and
materials properties for simulation are shown in FIG. 7 and
Table 1. A thin Au film was placed on a PMMA substrate and
water was disposed on the top of Au film. Different thick-
nesses (10 nm, 20 nm, 40 nm, 80 nm, and 120 nm) of thin
Au film were applied to the simulation to calculate the
absorption of the Au films and subsequent resistive heat
generation. The plane wave with x-polarized electric field
travels 1n the positive z direction 1n the coordinate shown 1n
FIG. 7. The permittivities of PMMA and water were 3 and
1.77, respectively.

[0061] A set of electromagnetic simulations was per-
formed to theoretically characterize the plasmonic photo-
thermal light-to-heat conversion of the Au films. The elec-
tromagnetic (EM) field and resistive heat distributions were
calculated for 10 nm and 120 nm thick Au films on a PMMA
substrate. FIG. 4A and FIG. 4B show 1images for electro-
magnetic field on 10 nm and 120 nm thick Au films on
PMMA substrate, respectively. FIG. 4C and FIG. 4D show
images for resistive heat distributions on 10 nm and 120 nm
thick Au films on PMMA substrate, respectively. FIG. 4E
shows a plot of calculated absorption spectra of the thin Au
films with different thickness. FIG. 4F shows a plot of
light-to-heat conversion efliciency of the thin Au films
averaged over emission wavelength from 3 different LEDs
as a function of Au films thickness.
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[0062] As expected from skin depth,

where m: angular frequency, u: permeability, o: conductiv-
ity, the thickness of thin Au film determines the amount of
light to heat conversion. Upon a normal incidence of a 450
nm wavelength light source, the 10 nm thick Au film
transmits an enormous amount of EM energy (FIG. 4A), and

the heat conversion energy 1s saturated along the film depth
(FI1G. 4C). However, the 120 nm thick Au film absorbs most

of the incident light (FIG. 4B) and subsequently generates
more heat 1n the Au film by converting light into heat (FIG.
4D).

[0063] FIG. 4E shows a plot of calculated absorption
spectra of the thin Au films with different thickness, Light-
to-heat conversion efliciency of the thin Au films averaged

over emission wavelength from 3 different LEDs as
function of Au films thickness. The blue LED with 450 nm

peak wavelength shows the highest averaged light-to-heat
conversion efliciency, illustrating that an increase in thick-
ness of thin Au film, 1n the range of 10 to 120 nm,
corresponds to an 1ncrease 1n optical absorption. Significant
increase of optical absorption below 540 nm wavelength
could be attributed to the plasmonic electron resonance of
gold. As a result, the averaged light-to-heat conversion
ciliciency over emission wavelength from each LED

increases with increased Au film thickness tor the 3 different
LEDs (Blue I at 450 nm, Blue II at 480 nm, and Green at 530

nm). as shown in FIG. 4F (see also FIG. 8). It 1s noteworthy
that the blue LEDs with a peak emission wavelength of 450

nm shows highest light-to-heat conversion etliciency with
thin Au film.

[0064] c. lest Setup

[0065] A test setup similar to the system 40 shown 1n FIG.
3 was used for experimentation. LEDs 22 (Luxeon Rebel
royal blue star LEDs with a peak wavelength of 447.5 nm,
890 mW at 700 mA 1njection current) were used for plas-
monic photothermal heating of the thin Au film 20 with a
Keithley 2400 source meter (not shown). To focus the light
from the LEDs, a Carclo 20 mm fiber coupling optic 32 was
employed. The temperature of the solution was monitored
and recorded 1n real time by a type-K insulated thermo-
couple (OMEGA Engineering) for thermal cycling. Tem-
perature cycling using an LED, 80 mm cooling fan (not
shown), source meter and thermocouple was controlled
through LabVIEW as the application software. A National
Instruments (NI) 16 channel thermocouple module (not
shown) with high speed mode, auto zero and cold junction
compensation (CJC) was used for accurate temperature
acquisition from the type-K thermocouple.

[0066] d. Preparation of the PCR Reagent and DNA
Template
[0067] A template A-DNA and Takara Z-Tag DNA poly-

merase (2.5 U/ul), 10x Z-Taq Buffer (Mg** plus, 30 mM)
and ANTP Mixture (2.5 mM each) were used. Forward
primer and reverse primer were purchased from Integrated

DNA Technologies. The reactions used to amplify a 98 base
pair (bp) A-DNA target with Z-Tag DNA polymerase

included 0.5 ulL Z-Taqg DNA polymerase, 5 uL. of 10x Z-Taq
Bufler, 4 ulL of ANTP mixture, 4.5 ulL of 10 uM primers
(each), 10 uL of bovine serum albumin (BSA) (50 ng), and
was brought to 50 ulL with PCR grade water. The final
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concentration of template A-DNA was 0.1 ng/ul.. The 10 pL
of PCR mixture was placed within an Au-coated PMMA
PCR wells for photonic PCR, and then covered with 30 uL
of mineral o1l to prevent evaporation during thermal cycling.
After amplification, the mixture of 10 ul. of PCR product
and 10 uL of E-Gel sample loading bufler (Invitrogen) was
loaded onto E-Gel 2% agarose gels with SYBR Satfe (Invit-

rogen), and ran 1n an E-Gel base (Invitrogen) for 30 min. A
1 Kb DNA ladder was used to confirm the size of product.

[0068] e¢. LED-Driven Photonic PCR Thermal Cycler

[0069] FIG. 5A through FIG. 5F show plots of LED driven
photothermal heating of the thin Au film and PCR thermal
cycling. FIG. SA shows absorption spectra of the thin Au
films with different thickness. Absorption (% )=100-Trans-
mittance (% )-Retlectance (%). FIG. 5B shows temperature
profiles of liquids as a function of Au film thickness at a 500
mA 1njection current. FIG. SC shows temperature profiles of
liquids as a function of injection current of LEDs with 120
nm-thick Au film. The blue LED with 450 nm peak wave-
length was used. FIG. 3D shows a 2D map showing the
distribution of liquid temperature with different thickness of
the thin Au film and 1njection current of LEDs after heating,
for 3 min. FIG. 5E illustrates LED driven photonic PCR
thermal cycling of 3 different temperatures: 94° C. (dena-
turation), 60° C. (annealing) and 72° C. (extension). FIG. 5F
shows temperature control and low temperature variations

for PCR thermal cycling. Average values with standard
deviation at 94° C., 60° C. and 72° C. were 94.09+0.17° C.,

59.94+0.13° C. and 72.02+0.12° C., respectively.

[0070] Referring to FIG. 5A, the optical absorption spectra
of thin Au films with different thicknesses deposited on
PMMA substrate are shown. The simulation results can help
determine when the strongest light absorption occurs, as this
1s critical to maximizing photothermal heating. As the thick-
ness of thin Au film increases, the optical absorption also
increases, showing 65% absorption at the peak wavelength

(450 nm) of excitation LEDs 1n the 120 nm-thick Au film.

[0071] With the photonic PCR thermal cycler 40 shown 1n
FIG. 3, the light from the LEDs 22 1s continuous-wave and
randomly polarnized. Therefore, the efhiciency of light-to-
heat conversion would be lower in this case than a pulsed
laser, because as electrons are excited to higher energy
states, the probability of further excitation decreases.
Despite the possibility of lower light-to-heat conversion
elliciency than a pulsed light source, however, LEDs require
mimmal power consumption and are extremely low 1n cost
compared to laser sources, making LEDs an ideal PCR
heating source for POC testing. The component cost of the
instruments for our ultratast photonic PCR thermal cycle can
be fabricated for less than US $100, including the LEDs,
focus lens and driver, with the Labview (as part of applica-
tion software 48) and data acquisition board for temperature
control integrated 1nto a microcontroller module (e.g. com-
puting module 42 1n FIG. 3).

[0072] The maximum power consumption of an LED 1s
generally around 3.5 W at 1 A ijection current. FIG. 5B
shows the temperature profiles of a 10 uLL volume of solution
(here, glycerol was used to show maximum heating tem-
perature) with different thickness thin Au films at a fixed
injection current of 500 mA. The maximum temperatures are
increased as the thickness of thin Au film increases from 10
nm to 120 nm due to the increasing optical absorption.

[0073] The photothermal heating of the 120 nm-thick Au
film was further characterized as a function of 1njection
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current as shown in FIG. 5C, because the heating rate i1s
determined by the amount of dissipated power (1.e., an
injection current of LEDs). FIG. 3D summarizes the tem-
perature of a solution after 3 min heating with different
thickness Au films and varying injection current (see Table
2). These results clearly indicate that the maximum tem-
peratures are increased with an increase of Au film thickness
to 120 nm and an increase of 1njection current to 1 A.

[0074] Complete PCR thermal cycling, consisting of 3
representative temperatures (94° C. for denaturation, 60° C.
for annealing, and 72° C. for extension), 1s demonstrated
using an LED-driven photonic PCR thermal cycler, as
shown 1 FIG. 5E. To prevent evaporation during thermal
cycling, 10 ul. of PCR bufler was covered with 30 ulL. of
mineral oil. The averages and standard deviations at each
temperature were obtained from the temperature profile and

the results are 94.09+0.17° C. at 94° C., 59.94+0.13° C. at
60° C. and 72.02+0.12° C. at 72° C., respectively, showing
excellent temperature accuracy and stability. The mitial
temperature fluctuation before reaching setting temperature
may be further reduced by optimizing the proportional-
integral-derivative (PID) controller value 1n Labview.

[0075] 1. Ultrafast Thermal Cycling and Nucleic Acid
Amplification
[0076] In order to determine maximum heating and cool-

ing rates, a thermal cycle was performed, whereby the
solution (here, 5 ul. of PCR mixture covered with 30 uL of
mineral o1l) temperature was rapidly cycled between 535° C.
and 95° C. The temperature range mirrors the same dena-
turation (95° C.) and annealing (35° C.) temperatures.

[0077] FIG. 6Athrough FIG. 6C show plots and images of
ultrafast thermal cycling and DNA amplification. FIG. 6 A 1s
a plot of representative temperature profiles of 30 ultrafast
photonic PCR thermal cycles from 95° C. (denaturation) to
55° C. (annealing and extension). The 5 uL of PCR bufler
was covered with 20 ul. of mineral o1l to prevent evapora-
tion during thermal cycling. FIG. 6B shows plot of heating
and cooling rates obtained from the ultratast photonic ther-
mal cycling. FIG. 6C i1s an image showing formation of
product from the photonic PCR thermal cycler in compari-
son with a bench-top thermal cycler using a A DNA tem-
plate. Heating and cooling rate were 12.79+0.93° C. sec™
and 6.6+0.29° C. sec™', respectively.

[0078] Referring to FIG. 6A, the ultrafast photonic 30
cycles within 5 minutes are shown. Using the thermal
cycling result, heating and cooling rates were calculated by
measuring the temperature difference between successive
temperature maxima and mimma, then dividing by the time
interval between them. The average rates and sample stan-
dard deviations were obtained as shown i FIG. 6B. The
average heating and cooling rates obtained are 12.79+0.93°
C. sec™' and 6.6+0.29° C. sec™", respectively. The amplifi-
cation of A-DNA was performed to verily our photonic PCR
method.

[0079] Adfter running PCR reactions as shown in FIG. 6C,
the amplicons were visualized by E-Ge 2% agarose gels
with SYBR Safe. Lane 1 represents the 1 kb DNA marker,
lane 2 and 3 are the PCR product from ultratast photonic
PCR with different cycle numbers (94° C. for 0 sec, 62° C.
for O sec), lane 4 and 5 contain positive controls produced
from a standard thermal cycle condition (94° C. for 1 sec,
62° C. for 1 sec, 60 cycles) by a bench-top thermocycler
(Bio-Rad C1000 Thermal Cycler). A single major band (98
bp) was detected near 100 bp 1n photonic PCR (Lane 2 and
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3). This indicates that the A-DNA was successtully amplified
using the ultratast photonic PCR method and system of the
present description. The weak band intensity from the PCR
product amplified by photonic PCR could be attributed to
the lower amplification efficiency compared to a traditional
bench-top thermal cycler. Currently, only thin Au film acts
as a 2-dimensional photothermal heater, leading to a tem-
perature gradient of the solution, leading to potentially lower
amplification efliciency of PCR. This limitation can be
improved by utilizing a 3-dimensional substrate 1n the PCR
chamber for uniform photothermal heating of PCR mixture.
Amplification time as well as reagent consumption could be
turther reduced, simultaneously improving the efliciency of
the PCR reaction by faster molecular diffusion and uniform
solution temperature.

[0080] FIG. 8 shows normalized light emission spectra
measured from 3 different LEDs with peak wavelengths of
450 nm (Blue 1), 480 nm (Blue II) and 330 nm (Green),
respectively. Blue I was generated with Luxeon Rebel royal
blue star LEDs with a peak wavelength of 447.5 nm, 890
mW at 700 mA injection current. Blue II was generated with
Luxeon Rebel blue star LEDs with a peak wavelength ot 470
nm, 70 Im at 700 mA 1njection current. Green was generated
with Luxeon Rebel green star LEDs with a peak wavelength
of 330 nm, 161 Im at 700 mA 1njection current. The spectra
were measured using Ocean Optics USB 2000+ spectropho-
tometer.

[0081] FIG. 9A and FIG. 9B show transmittance and
reflectance spectra, respectively, of the thin Au films on
PMMA substrate with different thickness. Transmittance and
reflectance spectra were measured using a Shimadzu
UV-3101PC UV-Vis-NIR spectrophotometer. An integrating,
sphere was employed to measure diffuse retlection as well as
specular retlection.

[0082] FIG. 10 1s a plot showing a comparison of 31
ultrafast thermal cycles from 62° C. to 94° C. with and
without cooling fan to show the ellect of cooling fan to
turther reduce the power consumption of photonic PCR
thermal cycler.

Example 2

[0083] FIG. 11 shows the schematics of experimental set
up 50 for LED drniven plasmonic heating of thin Au films.
Blue LEDs 22 with 4477.5 nm peak wavelength were used for
light illumination and the light from LEDs was focused by
commercially available plastic lens 32. The thin Au films 20
with nanometer sized grain were deposited by an electron
beam evaporation method. The surface temperature of liquid
16 was measured by long wavelength infrared (LWIR)
camera 32.

[0084] FIG. 12 shows the demonstration of fast thermal
cycle using 2 ul of glycerol from 50° C. to 90° C. for 9 min
using LED driven plasmonic heating of thin Au films. The
injection current was 1 A, and the thickness of thin Au film
was 56 nm.

[0085] FIG. 13A shows the temperature changes of liquid
with different thin Au films thickness. As the thickness of Au
film increase, the maximum temperature of liquid 1s
increased, as shown 1n FIG. 13B. The temperature of liqud
was rapidly decreased after turn ofl of LEDs.

[0086] FIG. 13C shows the absorbance spectra of thin Au

films with different thickness. The absorption peak around
440 nm 1s well matched with peak wavelength of LEDs. As
the thickness of Au film increase, the absorbance is also
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increased, resulting 1n the increase of maximum tempera-
ture. FIG. 13D and FIG. 13E show 1images of the Au film 20
at 56 nm and 96 nm, respectively.

[0087] FIG. 14A shows the temperature changes of liquid
with different injection current. The thickness of Au film 1s
64 nm. As the injection current increase, the maximum
temperature 1s increased as shown in FIG. 14B. Therefore,
the temperature can readily be controlled by simply chang-
ing the injection current of LEDs. The maximum ramp rate
1s calculated at each injection current and 1t reaches up to 7°
C./sec with a 1 A injection current.

[0088] FIG. 15 shows the temperature stability of LED
driven plasmonic heating of thin Au films. The 50° C. and
90° C. are representative annealing and denaturation tem-
peratures, respectively, for a fast 2-step PCR setup. The
temperature changes at 50° C. and 90° C. are £0.5 and £0.7°
C., showing good temperature stability.

[0089] FIG. 16 and FIG. 17 illustrate an exemplary PCR
using LED driven plasmonic heating of thin Au films. The
thickness of Au film 1s 64 nm. The detailed PCR condition
1s described in figure. FIG. 16 shows temperature profiles of
thermal cycling measured by IR camera during PCR reac-
tion. The temperature profile measured by IR camera 1s a
little different, because the IR camera measures only the
surface temperature of liquid. FIG. 17 shows that the LED
driven plasmonic thermal cycler through this invention
shows comparable nucleic acids amplification product to
conventional bench top thermal cycler.

[0090] Insummary, a novel ultrafast photonic PCR system
1s disclosed that utilizes plasmonic photothermal heating of
thin Au films driven by LEDs. A thin Au film-based light-
to-heat converter was designed and fabricated to heat a PCR
solution over 150° C. by harmessing gold plasmon-assisted
high optical absorption. Ultrafast thermal cycling from 535°
C. (annealing) to 95° C. (denaturation) was achieved within
5 minutes for 30 cycles with ultrafast heating (12.79+0.93°
C. sec™) and cooling (6.6x0.29° C. sec™) rates. Nucleic
acid (A-DNA) amplification using our ultratast photonic
PCR thermal cycler was successiully demonstrated. The
systems and methods of the present description are shown to
provide a simple, robust and low cost photonic PCR tech-
nique, with ultrafast thermal cycling capability, which 1s
ideal for POC molecular diagnostics, having the following
beneficial attributes: 1) affordability (less expensive system
with a LED and lens); 2) portability (compact and light PCR
system without a heating block); 3) simplicity (use of use
with disposable PCR chip); 4) user-fniendly interface with
LED driver and display; 35) rapid and robust PCR without
environmental stress; 6) generally equipment free—only
LED and microcontroller modules may be required and
incorporated with use of cell-phone camera; and 7) durabil-
ity 1n harsh environments & low power consumption. While
the tested set-up was based on only one PCR well, integra-
tion of multiple wells and an array of LED’s 1s contemplated
to allow for high-throughput and multiplexed amplification,
as well as optimizing the PCR reaction chamber for uniform
heating.

[0091] Embodiments of the present technology may be
described with reference to flowchart 1llustrations of meth-
ods and systems according to embodiments of the technol-
ogy, and/or algorithms, formulae, or other computational
depictions, which may also be implemented as computer
program products. In this regard, each block or step of a
flowchart, and combinations of blocks (and/or steps) in a
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flowchart, algorithm, formula, or computational depiction
can be implemented by various means, such as hardware,
firmware, and/or software including one or more computer
program 1nstructions embodied 1n computer-readable pro-
gram code logic. As will be appreciated, any such computer
program 1nstructions may be loaded onto a computer,
including without limitation a general purpose computer or
special purpose computer, or other programmable process-
ing apparatus to produce a machine, such that the computer
program 1nstructions which execute on the computer or
other programmable processing apparatus create means for
implementing the functions specified 1n the block(s) of the
flowchart(s).

[0092] Accordingly, blocks of the flowcharts, algorithms,

formulae, or computational depictions support combinations
of means for performing the specified functions, combina-
tions of steps for performing the specified functions, and
computer program instructions, such as embodied 1n com-
puter-readable program code logic means, for performing
the specified functions. It will also be understood that each
block of the flowchart illustrations, algorithms, formulae, or
computational depictions and combinations thereof
described herein, can be implemented by special purpose
hardware-based computer systems which perform the speci-
fied functions or steps, or combinations of special purpose
hardware and computer-readable program code logic means.

[0093] Furthermore, these computer program instructions,
such as embodied 1n computer-readable program code logic,
may also be stored in a computer-readable memory that can
direct a computer or other programmable processing appa-
ratus to function 1 a particular manner, such that the
instructions stored in the computer-readable memory pro-
duce an article of manufacture including instruction means
which implement the function specified in the block(s) of the
flowchart(s). The computer program instructions may also
be loaded onto a computer or other programmable process-
ing apparatus to cause a series ol operational steps to be
performed on the computer or other programmable process-
ing apparatus to produce a computer-implemented process
such that the 1nstructions which execute on the computer or
other programmable processing apparatus provide steps for
implementing the functions specified 1n the block(s) of the

flowchart(s), algorithm(s), formula(e), or computational
depiction(s).

[0094] It will further be appreciated that the terms “pro-
gramming’’ or “program executable” as used herein refer to
one or more instructions that can be executed by a processor
to perform a function as described herein. The instructions
can be embodied 1n software, 1n firmware, or in a combi-
nation of software and firmware. The instructions can be
stored local to the device 1n non-transitory media, or can be
stored remotely such as on a server, or all or a portion of the
instructions can be stored locally and remotely. Instructions
stored remotely can be downloaded (pushed) to the device
by user itiation, or automatically based on one or more
tactors. It will further be appreciated that as used herein, that
the terms processor, computer processor, central processing,
unit (CPU), and computer are used synonymously to denote
a device capable of executing the 1nstructions and commu-
nicating with 1nput/output interfaces and/or peripheral
devices.
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[0095] From the description herein, 1t will be appreciated
that that the present disclosure encompasses multiple
embodiments which include, but are not limited to, the
following:

[0096] 1. An apparatus for nucleic acids amplification,
comprising: a support plattorm comprising one or more
wells configured to hold a sample; a plasmonic thin film
disposed within the one or more wells; and a light source;
wherein the light source 1s configured to be directed at the
platform such that exposed light from the light source to
generates plasmonic photothermal light-to-heat conversion
within the plasmonic thin film and subsequent heating of the
sample.

[0097] 2. The apparatus of any preceding embodiment,
turther comprising: a lens disposed between the light source
and the support platform; wherein the lens 1s configured to
focus the exposed light at the one or more wells.

[0098] 3. The apparatus of any preceding embodiment,
turther comprising a temperature sensor configured to moni-
tor the temperature of the sample.

[0099] 4. The apparatus of any preceding embodiment,
further comprising: a controller coupled to one or more of
the light source and temperature sensor; the controller
configured for controlling one or more of data acquisition
from the temperature sensor and actuation of the light
source.

[0100] 5. The apparatus of any preceding embodiment,
wherein the controller 1s configured for controlling actuation
of the light source to modily one or more ol exposure
duration and injection current at the plasmonic thin film.
[0101] 6. The apparatus of any preceding embodiment,
wherein the plasmonic thin-film sheet comprises a nanome-
ter sized grain to enhance light absorption through surface
plasmon resonance.

[0102] 7. The apparatus of any preceding embodiment,
wherein the platform comprises a translucent or transparent
polymer.

[0103] 8. The apparatus of any preceding embodiment,
wherein the temperature sensor comprises a long wave-
length infrared (LWIR) camera oriented adjacent to the
sample.

[0104] 9. The apparatus of any preceding embodiment,
further comprising a diffuser associated with the focusing
lens to evenly distribute the exposed light to the plasmonic
thin film.

[0105] 10. The apparatus of any preceding embodiment,
wherein the light source comprises one or more LED’s
having a wavelength selected for maximum light absorption
within the plasmonic thin film.

[0106] 11. The apparatus of any preceding embodiment,
turther comprising: a digital camera, photodiode or spectro-
photometer for the real-time detection of nucleic acids
within the sample.

[0107] 12. The apparatus of any preceding embodiment,
wherein the platform comprises 2D or 3D microstructures or
nanostructures in the form of one or more of a pillar array,
1D or 2D grating, photonic crystal, hemi-sphere.

[0108] 13. A method for nucleic acids amplification, com-
prising: disposing a fluid sample within the one or more
wells having a plasmonic thin film; directing a light source
at the plasmonic thin film to generate plasmonic photother-
mal light-to-heat conversion within the plasmonic thin film;
and heating the sample as a result of the light-to-heat
conversion within the plasmonic thin film.
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[0109] 14. The method of any preceding embodiment,
turther comprising: focusing light from the light source at
the one or more wells.

[0110] 15. The method of any preceding embodiment,
turther comprising: monitoring the temperature of the
sample.

[0111] 16. The method of any preceding embodiment,

turther comprising: controlling one or more of data acqui-
sition from a temperature sensor and actuation of the light
source.

[0112] 17. The method of any preceding embodiment,
wherein controlling actuation of the light source comprises
controlling one or more of exposure duration and 1njection
current at the plasmonic thin film.

[0113] 18. The method of any preceding embodiment,
wherein the plasmonic thin-film sheet comprises an Au film
with a nanometer sized grain to enhance light absorption
through surface plasmon resonance.

[0114] 19. The method of any preceding embodiment:
wherein the one or more wells are formed 1n a translucent or
transparent platiorm; wherein the light from the light source
1s directed through at least a portion of the platform to the
plasmonic thin film.

[0115] 20. The method of any preceding embodiment,
turther comprising: diflusing the focused light to evenly
distribute the light to the plasmonic thin film.

[0116] 21. The method of any preceding embodiment,
wherein the light 1s emitted at a wavelength selected for
maximum light absorption within the plasmonic thin film.

[0117] 22. The method of any preceding embodiment,
turther comprising: detecting a fluorescence signal within
the sample.

[0118] 23. A plasmonic heater apparatus for nucleic acids
amplification, comprising: a substrate having a plurality of
reaction wells configured for holding a sample; wherein a
surface of each of the plurality of reaction wells 1s covered
with a plasmonic thin film; and a light source directed at the
substrate; the light source configured to illuminate the
plasmonic thin film at a wavelength and duration that causes
photothermal heating of the plasmonic thin film and subse-
quent heating of the sample.

[0119] 24. The apparatus of any preceding embodiment,
turther comprising: at least one temperature sensor config-
ured to monitor the temperature of the sample 1n each well.

[0120] 25. The apparatus of any preceding embodiment,
turther comprising: (a) a control module coupled to the
temperature sensor and the light source; (b) the control
module comprising a processor and a memory storing
instructions executable on the processor; (¢) said instruc-
tions, when executed by the processor, performing steps
comprising: (1) monitoring sample temperature; and (11)
actuating the light source at a frequency and duration to
produce selected sample temperatures over time.
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[0121] 26. The apparatus of any preceding embodiment,
wherein said mstructions when executed by the processor
turther perform steps comprising detecting or a fluorescence
signal within the sample.

[0122] 27. The apparatus of any preceding embodiment,
wherein the substrate comprises a transparent or translucent
polymeric such that the reaction wells are formed in the
sheet as a digital microfluidic array.

[0123] 28. The apparatus of any preceding embodiment:
wherein with a surface of each well 1s covered with nano-
plasmonic structures; and wherein the light source config-
ured to illuminate the nanoplasmonic structures on the
surface of the wells at a resonance wavelength of nanoplas-
monic structures and duration that causes plasmonic photo-
thermal heating of the nanoplasmonic structures.

[0124] 29. The apparatus of any preceding embodiment,
wherein the control module 1s configured to control the light
source for ultrafast thermal cycling for portable multiplexed
PCR at low power consumption.

[0125] Although the description herein contains many
details, these should not be construed as limiting the scope
of the disclosure but as merely providing illustrations of
some of the presently preferred embodiments. Therefore, it
will be appreciated that the scope of the disclosure fully
encompasses other embodiments which may become obvi-
ous to those skilled 1n the art.

[0126] In the claims, reference to an element 1n the sin-
gular 1s not mtended to mean “one and only one” unless
explicitly so stated, but rather “one or more.” All structural,
chemical, and functional equivalents to the elements of the
disclosed embodiments that are known to those of ordinary
skill in the art are expressly incorporated herein by reference
and are mtended to be encompassed by the present claims.
Furthermore, no element, component, or method step 1n the
present disclosure 1s intended to be dedicated to the public
regardless of whether the element, component, or method
step 1s explicitly recited in the claims. No claim element
herein 1s to be construed as a “means plus function” element
unless the element 1s expressly recited using the phrase
“means for”. No claim element herein 1s to be construed as
a “step plus function” element unless the element 1is
expressly recited using the phrase “‘step for™.

TABLE 1

Materials Parameters For Electromagnetic Simulation

Density Heat Capacity Thermal Conductivity
plkg m™) C.Jkg ! K™ kWm K™
Gold 19,300 129 317
PMMA 1,180 1,420 1.93
Water 998 4,180 0.6
TABLE 2

Temperature As A Function Of Film Thickness And Injection Current

Thickness (nm)

10 nm 20 nm 40 nm 80 nm 120 nm

Current (mA) Mean Std. Mean Std. Mean Std. Mean Std. Mean Std.

100
200

358 071 378 1.13 40.7 0.72 451 0.66 457 33
47.3 141 >351.6 1.33 555 1.70 65.7 1.14 66.0 0.73
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TABL.

4 2-continued

Temperature As A Function Of Film Thickness And In_i ection Current
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Thickness (nm)

10 nm

20 nm

40 nm

®0 nm

Current (mA) Mean Std. Mean Std. Mean

Std,. Mean Std. Mean

300 588 247 643 1.79 744 1.03 840 1.34
400 09.0 3R89 /59 254 k93 1.74 1019 2.26
500 784 407 8.8 3.03 103.1 391 1168 1.06
600 87.1 5.13 974 398 115.1 3.15 1269 1.39
700 954 5.13 1089 4.34 1239 357 133.7 3.07
8O0 104.5 4.24 1174 5.27 131.8 5.14 139.7 4.50
900 111.9 3.36 124.1 6.00 137.2 5.38 1453 4.17
1000 118.9 4777 128.1 535.84 142.0 5.29 150.1 4.20

120 nm

84.5

102.6
119.5
128.3
134.9
139.7
145.%8
151.5

Std.

1.22
2.71
1.61
2.47
3.70
4.58
5.83
5.29

What 1s claimed 1s:
1. An apparatus for nucleic acids amplification, compris-
ng:

a support platform comprising one or more wells config-
ured to hold a sample;

a plasmonic thin film disposed within the one or more
wells; and

a light source;

wherein the light source 1s configured to be directed at the
support platform such that exposed light from the light
source to generates plasmonic photothermal light-to-
heat conversion within the plasmonic thin film and
subsequent heating of the sample.

2. The apparatus of claim 1, further comprising:

a lens disposed between the light source and the support

platform;

wherein the lens 1s configured to focus the exposed light

at the one or more wells.

3. The apparatus of claim 1, further comprising a tem-
perature sensor configured to monitor the temperature of the
sample.

4. The apparatus of claim 3, further comprising:

a controller coupled to one or more of the light source and

temperature sensor;

the controller configured for controlling one or more of

data acquisition from the temperature sensor and actua-
tion of the light source.

5. The apparatus of claiam 4, wherein the controller 1s
configured for controlling actuation of the light source to
modily one or more of exposure duration and injection
current at the plasmonic thin film.

6. The apparatus of claim 1, wherein the plasmonic thin
film comprises a nanometer sized grain to enhance light
absorption through surface plasmon resonance.

7. The apparatus of claim 1, wherein the support platform
comprises a translucent or transparent polymer.

8. The apparatus of claim 3, wherein the temperature
sensor comprises a long wavelength infrared (LWIR) cam-
cra oriented adjacent to the sample.

9. The apparatus of claim 2, further comprising a diffuser
associated with the focusing lens to evenly distribute the
exposed light to the plasmonic thin film.

10. The apparatus of claim 1, wherein the light source
comprises one or more LED’s having a wavelength selected
for maximum light absorption within the plasmonic thin

film.

N

11. The apparatus of claim 1, further comprising:

a digital camera, photodiode or spectrophotometer for the
real-time detection of nucleic acids within the sample.

12. The apparatus of claim 1, wherein the support plat-
form comprises 2D or 3D microstructures or nanostructures

in the form of one or more of a pillar array, 1D or 2D grating,
photonic crystal, hemi-sphere.

13. A method for nucleic acids amplification, comprising;:

disposing a fluid sample within the one or more wells
having a plasmonic thin film;

directing a light source at the plasmonic thin film to
generate plasmonic photothermal light-to-heat conver-
sion within the plasmonic thin film; and

heating the sample as a result of the light-to-heat conver-
ston within the plasmonic thin film.

14. The method of claim 13, further comprising:

focusing light from the light source at the one or more
wells.

15. The method of claim 13, further comprising:
monitoring the temperature of the sample.
16. The method of claim 15, further comprising:

controlling one or more of data acquisition from a tem-
perature sensor and actuation of the light source.

17. The method of claim 16, wherein controlling actuation
of the light source comprises controlling one or more of
exposure duration and 1njection current at the plasmonic thin

film.

18. The method as recited 1in claim 13, wherein the
plasmonic thin film comprises an Au film with a nanometer
sized grain to enhance light absorption through surface
plasmon resonance.

19. The method of claim 13:

wherein the one or more wells are formed 1n a translucent
or transparent platform;

wherein the light from the light source 1s directed through

at least a portion of the platform to the plasmonic thin
{1lm.

20. The method of claim 14, further comprising;

diffusing the focused light to evenly distribute the light to
the plasmonic thin film.

21. The method of claim 13, wherein the light 1s emitted
at a wavelength selected for maximum light absorption
within the plasmonic thin film.
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22. The method of claim 13, further comprising:

detecting a fluorescence signal within the sample.

23. A plasmonic heater apparatus for nucleic acids ampli-

fication, the apparatus comprising;:

a substrate having a plurality of reaction wells configured
for holding a sample;

wherein a surface of each of the plurality of reaction wells
1s covered with a plasmonic thin film; and

a light source directed at the substrate;

the light source configured to illuminate the plasmonic
thin film at a wavelength and duration that causes
photothermal heating of the plasmonic thin film and
subsequent heating of the sample.

24. The apparatus of claim 23, further comprising:

at least one temperature sensor configured to monitor the
temperature of the sample 1n each well.

25. The apparatus of claim 24, further comprising:

(a) a control module coupled to the temperature sensor
and the light source;

(b) the control module comprising a processor and a
memory storing instructions executable on the proces-
SOF';

(c) said instructions, when executed by the processor,
performing steps comprising:
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(1) monitoring sample temperature; and

(1) actuating the light source at a frequency and dura-
tion to produce selected sample temperatures over
time.

26. The apparatus of claim 25, wherein said nstructions
when executed by the processor further perform steps com-
prising detecting a fluorescence signal within the sample.

27. The apparatus of claim 23, wherein the substrate
comprises a transparent or translucent polymeric such that
the reaction wells are formed 1n the plasmonic thin film as
a digital microfluidic array.

28. The apparatus of claim 27:

wherein with a surface of each well 1s covered with

nanoplasmonic structures; and

wherein the light source configured to illuminate the

nanoplasmonic structures on the surface of the wells at
a resonance wavelength of nanoplasmonic structures
and duration that causes plasmonic photothermal heat-
ing of the nanoplasmonic structures.

29. The apparatus of claim 25, wherein the control module
1s configured to control the light source for ultrafast thermal
cycling for portable multiplexed PCR at low power con-
sumption.
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